Background-Left ventricular (LV) dyssynchrony may occur as a result of right ventricular (RV) pacing and is a known risk factor for the development of heart failure. In children with complete atrioventricular block, pacing-induced dyssynchrony lasting for decades might be especially deleterious for LV function. To determine the hemodynamic and ultrastructural remodeling after either RV free wall or LV apical pacing, we used a chronic minipig model. Methods and Results-Fourteen piglets 8 weeks of age underwent atrioventricular node ablation and were paced from either the RV free wall or the LV apex at 120 bpm for 1 year (7 age-matched minipigs served as controls with spontaneous heart rates of 104Ϯ5 bpm). Echocardiographic examinations, pressure-volume loops, patch-clamp investigations, and examinations of connexin43, calcium-handling proteins, and histomorphology were carried out. RV free wall-paced minipigs exhibited significantly more LV dyssynchrony than LV apex-paced animals, which was accompanied by worsening of LV function (maximum LV mechanical delay/LV ejection fraction: RV free wall pacing, 154Ϯ36 ms/28Ϯ3%, LV apical pacing, 52Ϯ19 ms/45Ϯ2%, control 47Ϯ14 ms/62Ϯ1%; Pϭ0.0001). At the cellular level, both pacemaker groups exhibited a significant reduction in L-type calcium and peak sodium current, shortening of action potential duration and amplitude, increased cell capacity, and alterations in the calcium-handling proteins that were similar for RV free wall-and LV apex-paced animals. Conclusions-The observed molecular remodeling seemed to be more dependent on heart rate than on dyssynchrony. LV apical pacing is associated with less dyssynchrony, a more physiological LV contraction pattern, and preserved LV function as opposed to RV free wall pacing. (Circulation. 2012;125:2578-2587.) 0.293 RV indicates right ventricular; LV, left ventricular. Descriptive statistics are means (95% confidence intervals).
T raditionally, permanent cardiac pacing has been carried out from the endocardial right ventricular (RV) apex. In smaller children, epicardial RV pacing sites were commonly used. Several larger adult [1] [2] [3] and smaller pediatric studies 4 -9 so far have shown that RV pacing may result in significant left ventricular (LV) dyssynchrony and impaired LV function, including the induction of progressive LV remodeling and failure. Alternative pacing sites have been looked for, including the RV septum and epicardial LV apex or free wall. Better preservation of LV synchrony and function could be shown in small observational studies in both mentioned LV pacing sites and in 1 recently published larger retrospective pediatric survey. 10 -14 Choosing an optimal pacing position may be of special importance in children subjected to cardiac pacing lasting for decades. However, until today, a prospective long-term study comparing the effects of RV or LV pacing on LV performance and ultrastructural morphology of the heart muscle has not been performed. Our aim was to examine the effects of RV free wall as opposed to LV apical pacing on LV synchrony, function, and ultrastructure in a chronic minipig model resembling permanent cardiac pacing for complete atrioventricular (AV) block started at early childhood.
Clinical Perspective on p 2587 Methods
The following procedures were reviewed and approved by the Animal Care Committee of the German Regional Council Leipzig, which ensured humane treatment of all animals as indicated by the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (publication 85- 23, revised 1996) . Anesthesia and perioperative and postoperative management of the minipigs were carried out by veterinarians; the pacemaker implantations, by experienced heart surgeons; and AV node ablation, pacemaker follow-up, and echocardiography, by cardiologists. A detailed description of all methods used is given in the online-only Data Supplement.
Study Objectives
Fourteen male minipigs (age, 8 weeks; weight, 6 -8 kg) were sedated and intubated, and general anesthesia was performed with isoflurane and fentanyl. The heart was exposed via lateral thoracotomy, and pacing leads were sutured epicardially on the right atrium (unipolar leads, 14 minipigs) and either on the RV free wall (bipolar leads, 7 minipigs) or on the LV apex (bipolar leads, 7 minipigs) and connected to a pulse generator (Insignia I Entra, Boston Scientific, Natick, MA). Subsequently, complete AV block was induced by AV nodal radiofrequency catheter ablation, and 100% ventricular pacing was ensured. After this procedure, the pulse generators were programmed to a DDD pacing mode with a lower rate of 120 bpm and an AV delay of 120 milliseconds to achieve similar rate profiles, and the animals were paced for 12 months. The pacing rate of 120 bpm was chosen because a clinical study revealed a similar mean heart rate in the age group of 0 to 2 years (meanϮSD heart rate, 128Ϯ15 bpm) on 24-hour Holter ECG monitoring of 616 healthy children and adolescents. 15 Seven age-matched minipigs were used as controls. ECG monitoring of these minipigs revealed a mean heart rate of 104 bpm (95% confidence interval, 92-116). This finding is in good accordance with another study 16 that found similar heart rates in conscious adult minipigs.
Study Protocol
Before pacemaker implantation and every 3 months thereafter, the minipigs were periodically examined echocardiographically. Moreover, we evaluated pacemaker and lead function and confirmed the presence of complete AV block by turning the pacemaker off (done with injection of anesthesia [midazolam 0.5 mg/kg body weight and ketamine 15 mg/kg]). These examinations served only as medical controls and are not shown.
One year after pacemaker implantation, final experiments were performed as described below. Again, ECG and echocardiographic examinations were performed and pressure-volume loops were recorded. Moreover, as controls, 7 age-matched minipigs (without prior permanent pacemaker implantation) paced temporarily with an identical heart rate of 120 bpm from the atrium were used, and final experiments were performed in the same way (see the online-only Data Supplement for details).
Final In Vivo Experiments
For the final experiments, the minipigs received premedication with midazolam 0.5 mg/kg body weight and ketamine 15 mg/kg body weight They were orally intubated, and injection anesthesia was carried out with midazolam 0.18 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 , ketamine 0.06 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 , and fentanyl 0.016 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 . Blood pressure was measured via a femoral artery cannula; blood samples were taken to measure epinephrine, norepinephrine, and dopamine levels.
Echocardiography
Pulse-wave Doppler from the RV and LV outflow tract was used to assess the onset of ventricular ejection and to determine the interventricular mechanical delay calculated from the difference of the LV and RV pre-ejection periods. Septal to posterior wall motion delay was measured as the time difference between peak systolic septal and posterior wall motion/thickening of the LV. The speckle tracking method was used to measure 2-dimensional radial and circumferential strain in the parasternal short-axis view. 17 The time from the onset of QRS to maximum systolic strain was used to evaluate peak segmental systolic deformation timing as published. 18 Maximum LV mechanical delay was calculated as the time difference between the latest and earliest segmental peak systolic 2-dimensional strain (see the online-only Data Supplement for details).
Pressure-Volume Loops
For hemodynamic measurements, a 7-segment pressure-volume Millar catheter (Millar Instruments, Houston, TX) was inserted into the LV, and the LV pressure-volume relationship was estimated with the conductance method. To assess myocardial performance, endsystolic elastance was measured, which represents the contractility of the LV in a load-independent manner. Therefore, the inferior vena cava was compressed, and pressure-volume relationships were recorded according to Cojoc et al. 19 After completion of the in vivo studies, the thorax was opened and the hearts were removed, weighed, and immediately placed in an ice-cold saline solution. For the patch-clamp studies, transmural pieces (Ϸ2 cm 2 ) of the LV free wall were cut out, placed in calcium-free solution, and digested with collagenase. For histological evaluations, the polymerase chain reaction and Western blot experiments probes of the RV free wall, RV apex, septum, LV apex, and LV free wall were excised and either fixed in neutral buffered 4.0% formalin solution (histology) or snap-frozen in liquid nitrogen and stored at Ϫ80°C for further investigations.
Ex Vivo Experiments

Patch-Clamp Experiments
Cardiomyocytes of the LV free wall were isolated according to the method of Hagen and coworkers. 20 The cells were transferred to the experimental chamber, and patch-clamp experiments were performed immediately after cell isolation. L-type calcium channel currents, I Na , cell capacity and action potential recordings were carried out. The online-only Data Supplement provides details on the composition of the solutions, data acquisition, and analysis.
Determination of Catecholamines by High-Pressure Liquid Chromatography
Plasma catecholamines (ie, epinephrine, norepinephrine, and dopamine) were determined by high-pressure liquid chromatography as published previously. 21 Briefly, blood samples were prepared with a commercial kit from Chromsystems (Martinsried, Germany). For electrochemical detection of the catecholamines, the detector Recipe EC3000 (Munich, Germany) was used, along with a high-pressure liquid chromatography apparatus from Knauer (Berlin, Germany). Each probe was injected twice, and the mean was used to determine catecholamine concentrations.
Immunohistology
The histological probes were embedded in paraffin, and 5-m sections were cut. Immunohistology was performed with polyclonal rabbit anti-connexin43 (Cx43) antibody and monoclonal mouse anti-troponin I antibody, together with the appropriate secondary antibodies, ie, Alexa Fluor 488 -conjugated goat anti-rabbit and Alexa Fluor 555-conjugated goat anti-mouse, as described previously. 22 The slides were investigated at ϫ200 and ϫ400 magnification with a commercial image analysis system (SigmaScan, Jandel Scientific, Erkrath, Germany) and a Zeiss Axiolab fluorescence microscope (Zeiss, Jena, Germany). Cell length and width and the ratio between positively stained membrane length and plasma membrane length (longitudinal or polar membrane) were calculated as published previously by our working group. 23 In that manner, 250 cells per point of removal (ie, RV free wall, RV apex, septum, LV apex, LV free wall) were analyzed. Moreover, cell length, width, and cross section were determined.
Western Blot
Each probe (50 mg of RV free wall, RV apex, septum, LV apex, LV free wall) was lysed at 4°C in 500 L radioimmunoprecipitation assay buffer containing protease and phosphatase inhibitors. Total protein (20 g) was fractionated through SDS-PAGE. Proteins were then transferred onto a polyvinylidene difluoride membrane. Primary antibodies for Cx43 (molecular weight, Ϸ43 kDa), L-type calcium channel (molecular weight, Ϸ190 kDa), sarcoplasmic reticulum Ca 2ϩ ATPase (SERCA; molecular weight, Ϸ100 kDa), or phospholamban (molecular weight, Ϸ25 kDa) were applied at 4°C overnight. GAPDH and tubulin served as loading controls. After several washing steps, blots were incubated with the appropriate secondary horseradish peroxidase-labeled antibodies. The specific protein bands were imaged on a scanner, digitized, and analyzed with BioRad software (BioRad, München, Germany). After background subtraction, gray-scale values of the specific signals of the RV free wall or LV apex-stimulated minipig group were compared with those from the control minipig group. All bands were normalized to GAPDH or tubulin content.
Real-Time Polymerase Chain Reaction
RNA from each probe (RV free wall, RV apex, septum, LV apex, LV free wall) was isolated with Trizol (Gibco BRL, Karlsruhe, Germany). Reverse transcription-and real-time polymerase chain reaction were carried out as previously published 22 with the following primer pairs: Cx43 antisense, 5Ј-TCCTCCTCTTTCTTGTTCAGTTTCTCT-3Ј; Cx43 sense, 5Ј-CCTGCAGATCATATTTGTGTCTGTTC-3Ј; GAPDH antisense, 5Ј-GCCATGGGTAGAATCATACTGGAAC-3Ј; and GAPDH sense, 5Ј-AGGTCGGAGTGAACGGATTTG-3Ј.
The data were analyzed according to the following equation: ⌬⌬Ctϭ⌬RV free wall-paced group (or ⌬LV apex-paced group)Ϫ⌬control group. From the ⌬⌬Ct values, the term 2 Ϫ⌬⌬Ct was calculated.
Statistical Analysis
All values are given as meanϮSEM. In addition, 95% confidence intervals are given in the tables.
ANOVA for repeated measurements tested whether the location of electrode position (ie, RV free wall or LV apex) may have influenced the immunohistological parameters, protein expression, or mRNA, depending on the ventricular area from which the specimen was taken (sites were the RV apex, RV free wall, LV apex, LV free wall, and septum). This location was included as a within-subject factor in the model. Post hoc comparisons between groups (RV free wall-or LV apex-paced or control minipigs) were done with the Tukey highest-significant-difference test, which adjusts for multiple testing (mϭ3). Thus, hypotheses at different locations were considered distinct.
Pressure-volume loops, patch-clamp data, ECG parameters, echocardiographic parameters, heart weight, and blood pressure were analyzed by ANOVA and analogously pairwise comparisons by the Tukey highest-significant-difference test. The catecholamine data were analyzed by ANOVA on ranks followed by pairwise multiple comparisons with the Tukey highest-significant-difference test. All tests were performed as 2 sided at a significance level of 0.05.
Results
Clinical Parameters
Systolic and diastolic blood pressures were not different between the 3 minipig groups.
Catecholamine levels (epinephrine and norepinephrine) were significantly elevated in both the RV free wall-and LV apex-paced groups compared with the control minipigs, whereas dopamine levels showed no differences (Table 1) . Heart weight (g/kg body weight) was significantly elevated in the RV free wall-stimulated minipig group as a sign of cardiac hypertrophy. QRS complex duration was significantly prolonged and frequency-corrected QT-interval (QTc) was slightly but not significantly prolonged in both the RV free wall-and LV apex-stimulated groups compared with the control group (Table 1) .
Hemodynamic Data (Pressure-Volume Loops)
A summary of the hemodynamic parameters is presented in Table 2 . Compared with both the control minipigs and the LV apex-paced group, the RV free wall-stimulated animals showed the poorest LV performance, ie, the lowest ejection fraction, cardiac index, stroke work, and end-systolic elastance and the highest end-diastolic and end-systolic volumes. The maximum generated LV dP/dt and ϪdP/dt as indicators of systolic and diastolic function were also significantly impaired in the RV free wall-stimulated minipigs, whereas they were normal in the LV apex-paced animals.
The original pressure-volume loops are presented in Figure 1A .
Echocardiography
LV dyssynchrony indexes (interventricular mechanical delay, septal to posterior wall motion delay, and maximum LV mechanical delay) were significantly higher in the RV free wall-paced minipigs compared with both the control minipigs and LV apex-paced animals, which exhibited a nearly normal LV contraction pattern (Table 3 ). Original 2-dimensional strain curves are presented in Figure 1B .
Patch-Clamp Experiments
Satoh et al 24 demonstrated in their detailed study that membrane capacity is a good measure for cell volume, so we determined cardiomyocyte capacity in all 3 minipig groups. Cardiomyocytes (from the LV free wall) of the RV free walland LV apex-paced groups showed significantly higher values for capacity compared with cardiomyocytes of the control group (Figure 2A ). The L-type calcium current (I Ca,L ) in myocytes isolated from the 3 study groups showed the well-known time course of a rapid activation followed by an exponential inactivation (not shown). The current-voltage relationships (normalized to cell capacity, pA/pF) were U shaped with maximum inward currents at 5 mV. Current densities were signifi- 
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cantly lower in cells derived from the RV free wall-or LV apex-paced groups compared with the control minipigs ( Figure 2B ). Action potentials differed significantly between cardiomyocytes isolated from RV free wall-and LV apex-stimulated hearts compared with myocytes of the control group. The plateau phase of the action potential was significantly shortened in both pacemaker groups, and the action potentials exhibited a triangulated shape ( Figure 2C) . Similarly, the amplitudes of the action potentials were significantly lower in the RV free wall-and LV apex-stimulated groups (without significant differences between them) compared with the control group (RV free wall, 98Ϯ3.85 mV; LV apex, 99Ϯ4.24 mV; control, 109Ϯ1.5 mV; RV free wall versus control, Pϭ0.017; LV apex versus control, Pϭ0.045). In contrast, the diastolic potential was not different between the 3 groups (RV free wall, Ϫ67Ϯ2.21 mV; LV apex, Ϫ77Ϯ4.27 mV; control, Ϫ69Ϯ1.24 mV).
Moreover, we also measured the peak sodium current. Similar to the results of the action potential measurements, we found significantly reduced peak sodium currents in both paced groups compared with the control group (RV free wall, Ϫ18.24Ϯ3.44 pA/pF; LV apex, Ϫ18.89Ϯ2.77 pA/pF; control, Ϫ29.02Ϯ5.09 pA/pF; RV free wall versus control, Pϭ0.042; LV apex versus control, Pϭ0.041).
Immunohistology
Morphology of Cardiomyocytes
Analysis of the Cx43 and troponin I double-stained cardiomyocytes revealed that ventricular pacing, regardless of the ventricular pacing electrode position, led to significant hypertrophy, with LV cardiomyocytes showing an enlargement of cell width and a reduction in cell length compared with cardiomyocytes of the control group. In contrast, cardiomyocytes of the RV showed no differences in size among the 3 groups ( Figure 3A ).
Cx43 Distribution
Histological analysis of cellular Cx43 distribution (ie, the main gap junction protein of the working myocardium) exhibited no significant differences among the 3 minipig groups, indicating that the ventricular pacing electrode position had no influence on polar or lateral Cx43 distribution ( Figure 3B ). In Figure 3C , original specimens from the LV apex and LV free wall of RV free wall-or LV apexstimulated and control minipigs are depicted.
Polymerase Chain Reaction Data
Determination of Cx43 mRNA in the LV myocardium showed significantly less Cx43 mRNA in probes of the RV free wall-stimulated group compared with the LV apexpaced and control minipigs. RV free pacing thus resulted in a small but significant reduction in Cx43 synthesis within the LV ( Figure 4A ). The Cx43 mRNA from the RV was not significantly affected by the location of the ventricular pacing electrode.
Western Blot Data
Cx43 Protein Expression
On the protein level, Cx43 expression of the LV showed no significant differences among the 3 minipig groups. Notably, probes of the RV exhibited a significantly higher Cx43 protein expression in the 2 pacing groups compared with the control group but independently from the location of the ventricular pacing electrode ( Figure 4B ). Representative original Western blots are shown in Figure 4C .
Calcium Handling Proteins
In both pacemaker groups, regardless of the location of the ventricular pacing electrode, expression of L-type calcium channel protein within the LV and RV was significantly lower compared with the control minipig group. In contrast, expression of SERCA within the LV and RV apexes and LV and RV free walls was significantly higher in both pacemaker groups compared with the control group. Again, the location of the ventricular pacing electrode had no significant impact. Septal SERCA expression remained at control levels.
Because it is known that phospholamban regulates SERCA activity by phosphorylation, we also examined phospholamban expression. These experiments revealed that neither the location of the ventricular pacing electrode nor the point of probe withdrawal exhibited a significant influence on phospholamban expression.
A compilation of the Western blot results and representative original Western blots can be found in Figure 5A through 5D.
Discussion
Study Rationale
In this long-term animal study, we examined the influence of the location of the ventricular pacing electrode (ie, either RV free wall or LV apex pacing) on LV function and ultrastructure in a growing organism mimicking pacemaker implantation for complete AV block in an infant. The effect of the 2 different pacing regimens was studied after 1 year of pacing: epicardial RV free wall pacing (historically the most common position for epicardial pacing in children) and the newly introduced LV pacing 10, 11, 14 (showing better preservation of LV synchrony and function in the clinical setting). Although typically pacing rates of 200 bpm for 3 to 6 weeks 25 are used in experimental dyssynchronous heart failure studies often performed in dogs, there is an interesting study on adult dogs with only slight overdrive pacing (110 bpm) for 16 weeks. 26 Similar to this study, we tried to choose a pacing regimen that is as close as possible to the clinical situation using slight overdrive pacing for our young, growing minipigs with complete AV block over a 1-year period until early adulthood of these animals. Thus, a dual-chamber lower pacing rate of 120 bpm (demonstrated to be the mean heart rate in children 0 -2 years of age 15 ) was used to ensure similar heart rates in all animals studied. Age-matched minipigs that did not undergo long-term cardiac pacing were used as a control group.
The RV free wall-paced minipigs exhibited significantly more LV dyssynchrony than the LV apex-paced or the control animals. This was accompanied by a severe decrease in LV ejection fraction and a considerable worsening of other LV performance parameters. The slight reduction in Cx43 mRNA in LV samples in RV free wall-paced minipigs, although statistically significant, is probably too small to be of relevance. However, in the presence of dyssynchrony, ie, RV free wall-paced minipigs, we found in the LV (an area that can be assumed to be activated later than RV in these RV free wall-paced animals) reduced Cx43 mRNA and a slight, although not significant, Cx43 lateralization at the free LV wall, similar to the findings of Spragg and colleagues. 27 It should be noted that this phenomenon is clearer in the study by Spragg and colleagues probably because they could define the latest activated area more precisely owing to the concomitant electrophysiological mapping. Spragg et al also could show reduced conduction velocity in these areas.
The increase in C43 protein in RV samples in both paced groups is unrelated to mRNA changes, is not related to hypertrophy of RV (cell length and width are unchanged in the RV specimen; Figure 3A) , and thus could be related to pacing itself (factor sui generis). Whether this is posttranslational regulation by altered protein degradation or is due to altered transcription efficacy cannot be elucidated in such an in vitro study. Interestingly, Spragg and coworkers 27 found reduced Cx43 protein in their sophisticated dyssynchrony heart failure dog model only in LV endocardial samples, not epicardial samples. In terms of the calcium handling proteins, the changes found in our study ( Figure 5 ) were unrelated to the pacing electrode position and seem to depend on heart failure itself, similar to the findings of others in dyssynchrony models. 27 This is further supported by Aiba et al, 25 who also found that cardiac resynchronization therapy could restore hemodynamic and some other effects of dyssynchronyrelated heart failure but not effects on molecular remodeling (except SERCA). All values are given as meanϮSEM of 7 minipigs in each study group (above each bar, mean and 95% confidence interval). Overall P value for 1-way ANOVA was 0.004. B, L-type calcium channel currents measured in the patch-clamp experiments. The current-voltage relationships were normalized to cell capacity (pA/pF). All values are given as meansϮSEM of 7 minipigs in each study group. Overall P value for 1-way ANOVA was 0.013. C, Action potential duration (ms) as measured at 20%, 50%, and 90% repolarization. All values are given as meanϮSEM of 7 minipigs in each study group. Overall P value for 1-way ANOVA was 0.03. Note that, as a sign of impaired Ca 2ϩ influx through the L-type calcium channels, the plateau phase of the action potential is significantly shortened and the action potentials exhibited a triangulated shape in both right ventricular (RV) free wall-and left ventricular (LV) apexstimulated groups vs the control group. *Statistical significance in the post hoc Tukey highest-significant-difference test vs control.
However, regardless of the position of the ventricular pacing electrode, none of the animals developed progressive LV dilatation or showed overt heart failure symptoms. Hence, the situation represented compensated cardiac insufficiency (stage B according to the guidelines of the American College of Cardiology/American Heart Association 28 ) with an asymptomatic decrease in LV systolic function. Such a situation is commonly seen in the clinical setting of pediatric RV pacing. 6, 8, 9 Our data, together with the findings of others, 25, 27, 29, 30 underline dyssynchrony as an important pathophysiological factor. Both pacing groups showed increased plasma catecholamine levels. On the cellular level, there was a significant reduction of L-type calcium current and of peak sodium current, a shortening of action potential duration, a reduction of action potential amplitude, an increase in cell capacity, and alterations in the calcium handling proteins. In another dyssynchrony heart failure model using dogs, a higher pacing rate, and a higher degree of dyssynchrony, 25, 27 dyssynchronyrelated heart failure reduced I Ca,L only in late activated areas, whereas we found this reduction to be unrelated to the pacing electrode position, which may depend on the model. The Cx43 content, which is important for regular stimulus conduction, was, however, without significant changes in cellular distribution. However, as outlined above, Cx43 protein changes in the RV in both pacing groups seem to be related to pacing itself and not to the location of the ventricular pacing electrode.
Thus, although in our 1-year chronic minipig piglet model LV apex stimulation better preserved LV function than RV free wall pacing, both pacemaker groups appeared to show the same degree of molecular remodeling in the parameters examined compared with the control group. However, it should be kept in mind that 1 year of pacing is of relatively short duration, so one could imagine that those animals exhibiting impaired LV function (ie, RV free wall paced) might develop heart failure with more pronounced biochemical changes in subsequent years.
The lower heart rate of at least 120 bpm, which may represent a mild form of tachycardia pacing in these quickly maturating animals, may also have contributed to those pacemaker-induced effects, which were seen in both groups. The slightly increased heart rate of 120 bpm may lead to more pronounced changes and may have accelerated the development of the pacemaker-induced effects. Thus, one may assume that at lower heart rates pacemaker-related changes may develop over longer periods.
Whether the loss of heart rate variability in the paced groups is causally related to the development of the observed hemodynamic changes is difficult to assess. However, both the LV apex-and RV free wall-paced groups had exactly the same fixed heart rate without variability and only the RV free wall-paced group developed severe hemodynamic changes, which does not indicate a causal role of loss of heart rate variability in the development of these changes and favors the importance of the pacing electrode position. There were no significant differences between the 3 study groups in Cx43 distribution. P values of repeated-measures ANOVA for within subjects (sites), between subjects (groups), and interaction (groupϫsite) and confidence intervals are given in Table I in Table II in 
Preservation of LV Function With LV Apex Pacing
The question arises as to why LV apex pacing is hemodynamically superior to RV free wall pacing if both treatments . P values of repeated-measures ANOVA for within subjects (sites), between subjects (groups), and interaction (groupϫsite) and confidence intervals are given in Table I There were no significant differences between the 3 study groups in phospholamban expression. P values of repeated-measures ANOVA for within subjects (sites), between subjects (groups), and interaction (groupϫsite) and confidence intervals are given result in the same degree of cellular biochemical alterations. It seems that cardiac insufficiency consists of 2 components, the sequence of contraction on one hand and the cellular biochemical alterations on the other hand, which finally lead to progressive pathological remodeling. 25 Compared with other studies carried out on animal models of cardiac failure and on explanted hearts of patients with terminal heart failure that revealed a decrease in L-type calcium and peak sodium currents, a prolongation of action potential, a decrease in SERCA and phospholamban, an increase in catecholamine levels, and a heterogeneous distribution of Cx43, [31] [32] [33] [34] [35] our results are different in terms of the expression of the calcium handling proteins and Cx43 distribution. However, as outlined above, our paced minipigs were cardiac compensated, and it is conceivable that ultrastructural remodeling is much more pronounced in overt heart failure, as seen in tachycardia pacing studies performed on dogs. 36 Nevertheless, although both minipig pacemaker groups exhibited the same cellular remodeling, LV performance was moderately to severely impaired in the RV free wall-paced group and only mildly affected in the LV apex-paced minipigs. Thus, the differences in hemodynamics cannot be explained by cellular remodeling in our study but rather by different patterns of electromechanical activation resulting in severe LV dyssynchrony from RV free wall pacing. Because the physiological impulse propagation runs from the apex to the base of the heart, it seems logical to preferentially use the apex for cardiac stimulation. This is confirmed in the excellent review of van Geldorp and coworkers, 37 who discussed the advantages and disadvantages of different pacing sites.
Interestingly, cardiac resynchronization therapy can restore hemodynamic changes and reduced systolic contractility induced by dyssynchrony-related heart failure, 25, 29, 30 indicating the importance of dyssynchrony for the development of heart failure. The fact that cardiac resynchronization therapy was found to partially normalize even molecular modeling 29, 30 supports the use of cardiac resynchronization therapy as a therapeutic option for pacing-site-related heart failure.
Clinical Implications
This study represents adds to our knowledge of hemodynamic consequences of permanent cardiac pacing in a growing individual. As stated already by several clinical observational reports, 10, 11, 12, 14 LV-based pacing is hemodynamically superior to RV free wall pacing and should be the preferred method of epicardial pacemaker implantation in young patients with a systemic LV. RV free wall pacing should be avoided because the incidence of pathological LV remodeling resulting from this pacing lead position may be as high as 40% in the clinical setting. 8 More generally, our data indicate that dyssynchrony is an independent factor for the development of hemodynamic impairment in a growing organism, affecting LV function even in the absence of specific cellular biochemical changes.
